The coarsening of nanoparticles occurs through two fundamentally different mechanisms[@b1][@b2][@b3]: In one mechanism, which is known as coalescence, the crystal sphere grows from migration and coalescence of islands or particles over the substrate surface[@b3][@b4]. The other mechanism, which is known as Ostwald ripening[@b5][@b6][@b7][@b8], is related to the growth by interparticle transport of single atoms[@b3], in which larger particles grow at the expense of smaller particles[@b9]. Its driving force is the difference in chemical potential, which arises from the difference in the radius of the curvature of the droplets or particles[@b8].

Carbon spheres have been intensively studied because of their peculiar properties and promising applications. Carbon spheres can be classified by two groups: hollow spheres and solid spheres. Most research has focused on the synthesis of hollow carbon spheres owing to their promising applications in drug delivery, encapsulation, and protection of biological-active agents[@b10][@b11][@b12]. However, in spite of the great potential in lubricating materials, gas storage media, and catalyst supports[@b13][@b14][@b15], the synthesis of solid carbon spheres (SCSs) has rarely been reported. In particular, it is imperative to reveal which mechanism mainly dominates in the evolution of SCSs between the two cited mechanisms: coalescence and Ostwald ripening.

In this paper, micro-scale SCSs were synthesized using the microwave method. As an inexpensive, quick, and versatile technique, microwave can heat the carbon materials to a high temperature in a short time[@b16]. Accordingly, a variety of nanostructures have been fabricated via the energy efficient microwave irradiation approach[@b17][@b18][@b19][@b20]. In our study, the graphene oxide (GO) was put onto an alumina boat, which was heated in a microwave oven for three minutes, and the growth mechanism of the micro-scale SCSs were investigated by transmission electron microscopy (TEM), selected area electron diffraction (SAED) pattern, field emission scanning electron microscopy (FE-SEM), and Raman spectroscopy. This study revealed that the evolution of micro-scale SCSs is mainly controlled by the Ostwald-ripening process. In regard to the composite scheme with micro- or nano-scale carbon materials, the Ostwald ripening played a significant role in the growth phenomena. For example, it played a role in the growth of catalytic particles in a single-walled carbon nanotube (CNT) forest[@b21][@b22], in the electrochemical growth of metal catalysts supported on carbon[@b23], and in the growth of metal clusters attached to CNTs[@b24]. In addition, the effects of Ostwald ripening of catalytic particles on CNT chirality distributions were investigated[@b25]. However, to our best knowledge, there has been no report on the Ostwald-ripening growth of carbon nanomaterial itself, including SCSs.

Results
=======

[Figure 1](#f1){ref-type="fig"} shows FE-SEM images of the formation of micro-scale SCSs. [Figure 1a](#f1){ref-type="fig"} shows that both nano-scale and micro-scale SCSs formed on the GO surface. [Figure 1b](#f1){ref-type="fig"} indicates that nano-scale SCSs with a diameter of less than 10 nm formed on the GO sheet. Because nano-scale SCSs act as a seed of micro-scale SCSs, we investigated the detailed growth process of nano-scale SCSs by TEM images. [Figure 1c](#f1){ref-type="fig"} shows the formation of SCSs of various sizes on GO. In this case, it is very likely that nano-scale SCSs coarsened by interacting with other SCSs in the crowded area. [Figure 1d](#f1){ref-type="fig"} shows a side-view image that exhibits the attachment of nano-scale particles to the surface of neighboring SCSs. Subsequently, small SCSs become larger by means of the diffusion/transport of carbon atoms from neighboring small SCSs. [Figure 1e](#f1){ref-type="fig"} shows a top-view image, which indicates that some particles formed on the surface of much larger-diameter SCSs.

With [Figure 1](#f1){ref-type="fig"}, we can explain the associated growth mechanisms as follows. In the beginning, nano-scale SCSs nucleate on the surface of GO. At this stage, small and large SCSs exist simultaneously ([Figures 1a--1c](#f1){ref-type="fig"}). Subsequently, small carbon nuclei grow larger by the attachment of carbon particles on the surface of other ones ([Figures 1d, 1e](#f1){ref-type="fig"}). However, it is not clear whether or not the attachment of carbon particles was operated by Ostwald ripening. One possibility is that small particles can be attached to the larger ones by the coalescence mechanism. The other possibility is that the small particles are nucleated on the surface of the larger particles, presumably by the vapor transport of carbon atoms; this process is operated by the island growth based on the Ostwald ripening. In this case, the diameter of SCSs increases by the attachment of small carbon particles to the surface. The surface of larger-sized SCSs acts as a substrate for the subsequent deposition of smaller-sized carbon particles, as shown in [Figure 1e](#f1){ref-type="fig"}. Larger-sized SCSs were investigated in detail in the following figures.

[Figure 2a](#f2){ref-type="fig"} shows an FE-SEM image of a micro-scale SCS, which was grown on GO. [Figure 2b](#f2){ref-type="fig"} shows an enlarged image of the micro-scale SCS in [Figure 2a](#f2){ref-type="fig"}. It is noteworthy that, overall, there are uniform layers on the surface of the micro-scale SCS. The formation of a carbon layer is likely to be associated with the surface diffusion of carbon atoms on the surface of a micro-scale SCS, following the layer-by-layer growth mode (i.e., the Franck-van der Merwe growth mechanism). [Figure 2c](#f2){ref-type="fig"} shows an energy dispersive X-ray spectroscopy spectrum of the micro-scale SCS of [Figure 2a](#f2){ref-type="fig"} (C = 97 wt%, O = 3 wt%). The SAED pattern of the micro-scale SCS corresponds to that of pristine graphite ([Figure 2d](#f2){ref-type="fig"})).

We investigated another micro-scale SCS by FE-SEM, as shown in [Figure 2e](#f2){ref-type="fig"}. [Figures 2f--2h](#f2){ref-type="fig"} correspond to enlarged images of the micro-scale SCS in [Figure 2e](#f2){ref-type="fig"}. In [Figure 2f](#f2){ref-type="fig"}, it is evident that nano-scale carbon particles cover the surface of the micro-scale SCS, being associated with the island mode (i.e., the Volmer-Weber growth mechanism). [Figure 2g](#f2){ref-type="fig"} exhibits the formation of a layered structure on the surface of a micro-scale SCS. Here, the carbon layer formed in the course of the diffusion of carbon atoms on the surface of the micro-scale SCS, exhibiting the layer-by-layer growth mode. In [Figure 2h](#f2){ref-type="fig"}, very tiny carbon particles formed on the layer-like structure, which resides on the surface of the micro-scale SCS.

In this case, we surmise that carbon atoms diffused onto the surface of micro-scale SCSs to generate a layered structure. Simultaneously, very tiny carbon particles formed on the carbon layer. Accordingly, the associated growth mechanism is likely to be linked with the mixed mode (i.e., the Stranski-Krastanov growth mechanism). [Figure 2](#f2){ref-type="fig"} indicates that the micro-scale SCS grows by the island, the layer-by-layer, and the mixed modes, which are associated with vapor deposition behavior. This reveals that the overall growth of micro-scale SCSs takes place on the basis of Ostwald ripening.

We investigated the growth of carbon particles on the larger (micro-scale) SCSs by FE-SEM, as shown in [Figure 3](#f3){ref-type="fig"}. [Figure 3a](#f3){ref-type="fig"} shows an SEM image of a micro-scale SCS. [Figures 3b--3d](#f3){ref-type="fig"} represent the surface views of the micro-scale SCS in [Figure 3a](#f3){ref-type="fig"}. In [Figure 3b](#f3){ref-type="fig"}, an island-like nanostructure with a diameter of about 80 nm is designated as "A". "B" shows a coarsening image of a carbon particle with a line-like morphology. "C" in [Figure 3c](#f3){ref-type="fig"} also exhibits growth behavior of the SCS by the formation of an island-like nanostructure. In [Figure 3d](#f3){ref-type="fig"}, the carbon island is shown in "D". It is of note that the growth of the SCS is dominated by the island growth mode. In "E", small carbon islands are created on the relatively flat islands. Accordingly, the growth observed in "E" mainly follows the island mode, with a mixed mode (i.e., the Stranski-Krastanov growth mechanism) being incorporated. It is noteworthy that "F" shows that small carbon particles happen to be deposited on the large one. Although the structures in "G" exhibit a layer-like morphology, we surmise that the related growth is closer to the island mode.

We investigated the growth of SCSs in more detail, by means of TEM investigation. [Figure 3e](#f3){ref-type="fig"} shows a typical TEM image of an SCS, which was generated on GO. Around the submicron-scale SCS, a number of nano-scale particles are attached. The SAED pattern of large sized carbon particles obviously shows the graphite structure in [Figure 3f](#f3){ref-type="fig"}, but the SAED pattern of nano-scale particles corresponds to a turbostratic carbon structure, which is shown in [Figure 3g](#f3){ref-type="fig"}. This indicates that the carbon particles were generated directly from the vapor phase in a non-equilibrium manner. The TEM analysis indicates that the attached carbon particles are in their disordered state, excluding the possibility of growth by coalescence, in which two ordered graphitic particles agglomerate. Accordingly, the SCS grows by the island and mixed modes, which are associated with vapor deposition behavior. That is, carbon atoms diffuse onto the surface of micro-scale SCSs, and thus small carbon particles form on their surface. Therefore, the overall growth mechanism of micro-scale SCSs is closely associated with Ostwald ripening.

Discussion
==========

The growth modes of micro-scale SCSs
------------------------------------

[Figure 4](#f4){ref-type="fig"} outlines a schematic diagram of the evolution of micro-scale SCSs. [Figures 1](#f1){ref-type="fig"}, [2](#f2){ref-type="fig"}, and [3](#f3){ref-type="fig"} reveal that the surfaces of micro-scale SCSs acts as a substrate for the growth of small carbon particles. In a comparison of flat two-dimensional (2D) substrates, the only difference is that the surface of the micro-scale SCSs has some degree of curvature. According to these observations, the increase in their diameter is clearly related to all of the crystal growth mechanisms, for instance, the layer-by-layer (Frank--van der Merwe), the island (Volmer--Weber), and the mixed (Stranski-Krastanov) growth modes.

The layer-by-layer growth mode usually takes place during homoepitaxial growth in which the same type of chemical species is attached to the same type of substrate in a low-flux regime. In the evolution of SCSs, the occurrence of the layer-by-layer growth mode is not surprising because large, SCSs become larger by the vapor transport deposition of carbon elements. The island growth mode can be expected when carbon fluxes with higher rates adhere to the surfaces of the growing SCSs because high-rate carbon flux usually causes a deviation from the equilibrium growth state. In this case, heterogeneous nucleation may be prevalent, resulting in the formation of 3D island growth. The third mode, i.e., the mixed mode, can be operated under a carbon flux condition between the two aforementioned extreme cases.

The ostwald ripening process
----------------------------

The growth of micro-scale SCSs through a combination of the island, the layer-by-layer, and the mixed modes was clearly demonstrated on the basis of the observed microstructure evolution. The Ostwald ripening process is the underlying phenomenon occurring in all cases, governing individual atom transfers, and contributing to the evolution to the larger SCSs. Importantly, the three growth modes ubiquitously and simultaneously operate on the growth of SCSs, following the Ostwald ripening process.

Through the Ostwald ripening process, carbon vapors are transferred from other solid carbon sources. Subsequently, the carbon vapors adsorb onto the sub-micron carbon spheres. Immediately after, the nature of the adsorption of the additional carbon vapors determines the mode, i.e., the island, the layer-by-layer, or the mixed mode. In addition to the microstructure observations, other convincing evidence supporting the operation of Ostwald ripening process is the fact that the carbon structure is disordered in the nano-scale particles but obviously corresponds to the graphite structure in the larger particles, as shown in the SAED pattern ([Figure 3](#f3){ref-type="fig"}).

In summary, we investigated the growth mechanisms of micro-scale SCSs, which were synthesized using GO and a microwave method. Based on observations of the microstructural evolution, we found that Ostwald ripening most likely contributes to their formation. Most importantly, Ostwald ripening was shown in several growth modes, in this case the island, the layer-by-layer, and the mixed growth modes.

Methods
=======

Synthesis of SCSs
-----------------

Micro-scale SCSs were synthesized using a microwave method. The synthesis procedure of GO was previously reported[@b26]. GO was synthesized from graphite powder via modification of Hummers and Offeman\'s method[@b27]. GO powders in the form of sheets were obtained from the prepared GO suspension through several processes, including centrifugation and heating[@b26]. The GO sheets were put onto an alumina boat, which was heated in a microwave oven. The microwave oven was purchased from LG electronics Co. Ltd (150 W). Under a constant Ar flow of 60 sccm, the temperature of the microwave oven was increased to 1500°C in 1 min. Annealing was carried out at 1500°C for 3 min at atmospheric pressure. Subsequently, the system was naturally cooled to room temperature under a constant Ar flow rate of 60 sccm. The temperature of the samples was measured by a radiation thermometer (portable digital radiation thermometer, Model No. IR-AHS2, CHINO Co.).

Characterization
----------------

The morphology and surface structures of SCSs were examined via SEM (Hitachi S-4200) and TEM (JEOL Ltd., Tokyo, Japan; 200 kV). For TEM, the products were sonicated in acetone for 2 h and centrifuged at 6000 rpm for 10 min. Subsequently, the suspension was dropped on a carbon holey grid and was dried in a vacuum oven at 50°C for 72 h. In order to investigate the chemical composition of CSCs, the EDX pattern was obtained in conjunction with TEM. For examining the crystalline structure of micro-scale SCS and nano-scale particles, SAED patterns were acquired.
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![Microstructures of micro-scale and nano-scale SCSs.\
(a) FE-SEM image of micro-scale and nano-scale SCSs on GO. (b) FE-SEM image of nano-meter sized SCSs. (c) TEM image of SCSs. (d) Side-view and (e) top-view images exhibiting the attachment of nano-scale particles to the surface of submicron-scale SCSs.](srep03579-f1){#f1}

![Observation of surface of micro-scale SCSs.\
(a) FE-SEM image of a micro-scale SCS. (b) Enlarged image of the surface of the micro-meter-sized carbon sphere in (a). (c) EDX and (d) SAED spectrum of the micro-scale SCS. (e) FE-SEM image of a micro-scale SCS. (f--h) Enlarged images of the micro-scale SCS in (e).](srep03579-f2){#f2}

![Formation of carbon particles on micro-scale SCS.\
(a) FE-SEM image of a micro-scale SCS. (b--d) Enlarged images of a micro-scale SCS in (a). (e) TEM image of small carbon particles being attached to a submicro-scale SCS. (f, g) SAED spectra of (f) submicron-scale SCS and (g) nano-scal carbon particle.](srep03579-f3){#f3}

![Schematic drawing of the crystal growth mechanisms on micro-scale SCS.\
Ostwald ripening was realized by the several growth modes, including the island (Volmer-Weber), the layer-by-layer (Frank-van der Merwe), and the mixed (Stranski-Krastanov) growth modes.](srep03579-f4){#f4}
